Activating mutations of the ALK receptor occur in a subset of neuroblastoma tumors. We previously demonstrated that Alk mutations cooperate with MYCN overexpression to induce neuroblastoma in mice and identified Ret as being strongly upregulated in MYCN/Alk mut tumors. By a genetic approach in vivo, we now document an oncogenic cooperation between activated Ret and MYCN overexpression in neuroblastoma formation. We show that MYCN/Ret M919T tumors exhibit histological features and expression profiles close to MYCN/Alk mut tumors. We show that RET transcript levels decrease precedes RET protein levels decrease upon ALK inhibition in neuroblastoma cell lines. Etv5 was identified as a candidate transcription factor regulating Ret expression from murine MYCN/Alk mut tumor transcriptomic data. We demonstrate that ETV5 is regulated both at the protein and mRNA levels upon ALK activation or inhibition in neuroblastoma cell lines and that this regulation precedes RET modulation. We document that ALK activation induces ETV5 protein upregulation through stabilization in a MEK/ERK-dependent manner. We show that RNAi-mediated inhibition of ETV5 decreases RET expression. Reporter assays indicate that ETV5 is able to drive RET gene transcription. ChIP-seq analysis confirmed ETV5 binding on the RET promoter and identified an enhancer upstream of the promoter. Finally, we demonstrate that combining RET and ALK inhibitors reduces tumor growth more efficiently than each single agent in MYCN and Alk F1178L -driven murine neuroblastoma. Altogether, these results define the ERK-ETV5-RET pathway as a critical axis driving neuroblastoma oncogenesis downstream of activated ALK.
Introduction
The ALK (Anaplastic Lymphoma Kinase) gene encodes a receptor tyrosine kinase (RTK) mainly expressed in the nervous system of mammals [1, 2] . It has been initially identified as the partner of nucleophosmin (NPM) in a t(2;5) translocation occurring in a large fraction of anaplastic large-cell lymphomas. Since then, the ALK gene has been involved in many different translocations in various types of human neoplasia [1, 2] . The downstream signaling pathways of the emblematic NPM-ALK fusion protein that trigger oncogenic transformation have now been deeply studied and three main pathways including the Rasextracellular signal-regulated kinase (ERK) pathway, the Janus kinase 3 (JAK3)/STAT3 pathway, and the phosphatidylinositol-3-kinase (PI3K)/AKT pathway have been identified [1] . The ALK gene was identified as a major oncogene in neuroblastoma, an embryonal cancer of the sympathetic nervous system that accounts for 8-10% of pediatric cancers [3] . Indeed, activating mutations of the ALK gene were reported both in familial neuroblastoma cases at the germline level and in sporadic neuroblastoma cases mainly at the somatic level [4] [5] [6] [7] . A recent analysis documented ALK mutations in 8% of neuroblastoma cases at diagnosis with three hotspots at positions F1174, R1245, and F1275 [8] . This study also showed that neuroblastoma patients with ALK activation exhibit a poorer prognosis compared to patients with non-mutated ALK. Several pathways have now been reported to be activated downstream of full-length ALK upon its activation [2] . The induction of the RAS-MAPK and PI3K/AKT pathways have been observed in almost all studied models.
ALK-mutated neuroblastomas therefore belong to the ALKoma entity [9] that may benefit from tumor-targeted therapies with ALK tyrosine kinase inhibitors. The dual ALK/MET inhibitor crizotinib has now been evaluated in different ALKoma cancers, including children with refractory neuroblastomas [10, 11] . These studies suggest that inhibition of mutated ALK is more difficult to achieve when compared to ALK fusions. Moreover, there is evidence to indicate that the F1174L mutation exhibits resistance to crizotinib [12, 13] . Recently, high efficacy of lorlatinib (ALK/ROS1 inhibitor PF-06463922) was demonstrated in ALK-driven pre-clinical neuroblastoma models with primary crizotinib resistance [14, 15] . However, only transient benefit has often been obtained using a single kinase inhibitor [2] . These data suggest that anti-ALK therapy may not be sufficient in neuroblastoma tumors presenting with ALK activation and that the dissection of the downstream signaling pathways of mutated ALK is a crucial step to propose new therapeutic strategies.
We recently described a mouse model of neuroblastoma with endogenous expression of mutated Alk in a MYCN transgenic context [16] . The transcriptomic study of the murine tumors bearing or not the Alk mutation revealed that the Ret oncogene was upregulated in Alk-mutated tumors. This finding was confirmed in human neuroblastoma tumors and cell lines. We also showed that tumor growth of murine MYCN/KI Alk mut tumors was impaired upon Ret inhibition by the vandetanib inhibitor, suggesting RET as a therapeutic target in ALK-mutated neuroblastoma.
In the present paper, we further established the crucial role of RET in ALK-mutated and MYCN-driven neuroblastoma oncogenesis with the demonstration that Ret activation may replace Alk activation to induce tumors in a MYCN transgenic context. We then identified ETV5 being upregulated by activated ALK. ETV5 is part of the PEA subfamily of the ETS transcription factors consisting of ETV1, ETV4, and ETV5 (also named ER81, PEA3, and ERM) [17] . Activation of various RTKs has already been shown to induce ETV5 expression [18, 19] . We further demonstrate that ETV5 is able to regulate the RET promoter using reporter assays, thereby showing that RET upregulation by activated ALK is achieved through an ALK-ETV5-RET axis. The mean expression of genes (log2 values obtained with expression arrays) in murine MYCN (n = 10) and MYCN/Alk mut tumors (n = 11 MYCN/Alk F1178L and n = 10 MYCN/Alk R1279Q ) is indicated together with the P-value (corrected by the Benjamini-Hochberg method) and the fold-change of a differential analysis (two-sided Welch's t-test 
Results

Activated Ret cooperates with MYCN overexpression to drive neuroblastoma in mice
The RET gene has been identified previously as a target of activated ALK at the mRNA level in both human neuroblastoma cell lines and primary tumors as well as in murine tumors driven by mutated Alk and MYCN [16] ( Table 1,  top) . Moreover, the Ret inhibitor vandetanib has been shown to impair tumor growth of murine MYCN/Alk mut tumors suggesting that RET largely contributes to the oncogenesis of ALK-driven neuroblastoma tumors [16] . To further determine whether Ret activation could replace Alk activation in vivo, we bred knock-in (KI) Ret M919T mice with TH-MYCN mice. The M919T mutation in the murine Ret gene corresponds to the gain-of-function substitution M918T in the human RET gene observed in most patients affected by multiple endocrine neoplasia type 2B (MEN2B) [20] . We document an oncogenic cooperation between activated Ret and MYCN overexpression in tumor formation ( Fig. 1a ). The penetrance and latency observed for the MYCN/Ret M919T mice are positioned between those of MYCN/Alk R1279Q and MYCN/Alk F1178L mice, that have been determined in our previous work [16] . Histological analysis taking into account the criteria defined to describe human neuroblastoma [21] confirmed that all MYCN/ Ret M919T tumors correspond to stroma-poor neuroblastoma. 18  19  26  24  16  17  13  14  99  03  11  38  37  29  28  30  31  36  4  1  2  5  9  88  8  77  05  97  22  03  21  35  25  32  34  23 The majority of MYCN/Ret M919T tumors exhibited signs of differentiation ( Fig. 1b ) as previously observed for MYCN/ Alk mut tumors [16] . Expression of total Alk and total Ret was confirmed in the mouse tumors of different genotypes, with an increased Alk and Ret expression in MYCN/ Alk F1178L tumors ( Supplementary Fig. 1 ), as previously described [16] . In addition, activity of both Alk F1178L and Ret M919T could be confirmed by the increased Erk phosphorylation in these tumors compared to MYCN tumors ( Supplementary Fig. 1 ). Expression profiles were then generated for a subset of MYCN/Ret M919T tumors. This analysis confirmed high expression levels of several emblematic neuroblastoma markers, such as Dbh and Phox2b (Fig. 1c ). An unsupervised clustering analysis including MYCN, MYCN/Alk mut , and MYCN/Ret M919T tumors revealed that MYCN/Ret M919T tumors clustered either with MYCN/Alk F1178L or with MYCN/Alk R1279Q cases ( Fig. 1d ). Altogether, these data demonstrate the crucial role of RET in neuroblastoma oncogenesis dependent on ALK activation.
Changes in RET transcript levels precede changes in RET protein levels in neuroblastoma cell lines
We then sought to decipher the mechanism by which activated Alk triggers Ret upregulation. Toward this, we used two ALK-mutated cell lines CLB-MA (ALK F1174L) and CLB-GA (ALK R1275Q), the CLB-GE cell line that harbor an amplification of the ALK gene combined with an F1174V mutation as well as the IMR-32 and SK-N-BE(2)C cell lines presenting with wild-type (WT) ALK. ALK activity was modulated by activation with the agonist monoclonal mAb46 antibody [22] or inhibition with the TAE684 inhibitor [7, 23, 24] . Treatment of cells with the antibody did not exceed 6 h as longer treatments have been shown to induce internalization of the receptor [25] . First, we confirmed that mAb46 constantly increased ALK phosphorylation from 5 to 30 min in CLB-GA (ALK R1275Q) and CLB-MA (ALK F1174L) ( Supplementary  Fig. 2 ). We observed a burst of ERK phosphorylation at early time points of mAb46 treatment, i.e., 10 min in CLB- Western blotting for RET, phosphorylated ERK1/2 at T202/Y204 and total ERK in cell lines treated with TAE684 or mAb46 for 6 h and TAE684 for 24 h, respectively GA and 15 min in CLB-MA. ERK phosphorylation then decreased after this peak of activation but remained at higher levels compared to untreated cells ( Supplementary  Fig. 2 ). In both cell lines, ALK inhibition resulted in phosphorylated ALK and phosphorylated ERK decrease. We then showed that the RET mRNA was modulated after 6 h of treatment in the different cell lines ( Fig. 2a ). In contrast, RET protein levels were not changed at this time point in the four cell lines in which the protein is detectable by Western blot analysis ( Fig. 2b) . Treatment with TAE684 for 24 h resulted in a strong reduction in RET protein levels in ALK-mutated cell lines whereas a modest reduction was observed in the WT SK-N-BE(2)C cell line (Fig. 2c ). These observations therefore suggest that activated ALK induces RET upregulation at the transcriptional level, consistently with the observation of Ret mRNA upregulation in MYCN/ Alk mut mouse tumors [16] .
Mouse tumor transcriptomic data identify Etv5 as a candidate transcription factor for Ret upregulation
To determine which transcription factor could be involved in Ret upregulation, we took advantage of our mouse tumors transcriptomic data. First, we focused on transcription factors previously identified as regulating RET expression by binding to its promoter or enhancers, i.e., SPI, SP3, EGR1, SOX10, PAX3, NKX2-1, and HOXB5 [26] . A differential analysis between MYCN/Alk mut and MYCN tumors ( Table 1 , middle) identified Egr1 with a fold-change of 1.6 but this modulation was not statistically significant (P-value > 0.05). Then, we listed all the genes that were differentially expressed between MYCN/Alk mut and MYCN tumors and that were part of the gene ontology GO:0003700 category (sequence-specific DNA-binding transcription factor activity). The top 5 candidates, Ebf3, Mycn, Etv5, Zfp939, and Hmx1, are presented in Table 1 (bottom). A correlation analysis between the different transcription factors and RET expression levels in our dataset of human primary neuroblastoma (GSE12460) revealed a positive and significant correlation only for ETV5 (r = 0.4, P-value = 0.001). Moreover, within the group of MYCN/Alk mut tumors we observed a strong correlation between Ret and Etv5 expression ( Supplementary  Fig. 3 ). Interestingly, in MYCN/Ret M919T tumors the Etv5 expression level is similar to the one observed in MYCN tumors ( Supplementary Fig. 4 ), consistently with Etv5 being downstream of ALK and upstream of Ret. Altogether, Etv5 appeared as a relevant candidate transcription factor mAb46 The ETV5 transcription factor is regulated both at the protein and mRNA levels by the ALK receptor
The ETV5 protein is modulated at short-term (30 min) upon ALK activation or inhibition
We then explored how ETV5 expression was modified upon ALK activation or inhibition in our panel of neuroblastoma cell lines. Figure 3a shows ETV5 protein levels increase in all samples upon mAb46 treatment. Conversely, ETV5 protein levels decreased upon ALK inhibition using the TAE684 inhibitor in ALK-mutated cell lines. TAE684 had no effect on the ETV5 protein in IMR-32 cells and induced a low decrease in the SK-N-BE(2)C cell line. An increase of ALK phosphorylation by the agonist monoclonal mAb46 antibody could be documented in all cell lines except the SK-N-BE(2)C cell line following 30 min of treatment ( Fig. 3a ). Nevertheless, we confirmed the activation of the ALK receptor and its downstream targets by mAb46 in SK-N-BE(2)C cells as ERK phosphorylation was clearly enhanced by this treatment. These observations therefore show that ALK activation rapidly induces an increase of the ETV5 protein in neuroblastoma cell lines.
The ETV5 mRNA is modulated at 6 h upon ALK activation or inhibition
Although the ETV5 protein levels were modulated after 30 min of treatment, mRNA levels of ETV5 were unchanged at this time point ( Supplementary Fig. 5 ). However, qPCR experiments revealed that ETV5 mRNA levels were impacted by ALK modulation after 6 h of treatment ( Fig.  3b ). Indeed, ETV5 transcript levels were markedly decreased in the three ALK-mutated cell lines after 6 h of TAE684 treatment, whereas no decrease or a low decrease were observed in the IMR-32 and SK-N-BE(2)C cell lines, respectively. ETV5 transcript levels were increased in 3 out of the 5 analyzed cell lines after 6 h of mAb treatment. Altogether, these data demonstrate a dual regulation of the ETV5 transcription factor both at the protein and mRNA levels by the ALK receptor.
ALK activation induces ETV5 protein upregulation through stabilization and is dependent on ERK1/2 phosphorylation
Our data indicate that ALK modulation results in ETV5 protein level changes at short-term without significant effect on ETV5 mRNA level. Moreover, ERK and ETV5 appear to be downstream components of ALK signaling. To further decipher the mechanism of ETV5 protein regulation, the CLB-GE and SK-N-BE(2)C cell lines were pretreated either with vehicle, cycloheximide, an inhibitor of protein synthesis, or with the proteasome inhibitor MG132 for 30 min. Cells were then incubated with mAb46, trametinib, a specific MEK1/2 inhibitor, or TAE684 (only for CLB-GE). Figure 4a shows that, in CLB-GE, both ALK and MEK inhibition resulted in decreased phospho-ERK and decreased ETV5 levels. Although cycloheximide pretreatment did not modify the response of CLB-GE cells to ALK or MEK modulation, the downregulation of ETV5 protein by ALK and MEK inhibition was rescued from proteosomal degradation by MG132. Similar results were observed in SK-N-BE(2)C cells as ETV5 levels decreased upon trametinib treatment and ETV5 downregulation by trametinib was impaired after MG132 pretreatment (Fig. 4b) . We also documented that trametinib pretreatment precluded ETV5 induction at the protein level after 30 min of mAb46 treatment in the two analyzed cell lines (Fig. 4c ). Overall, these results are consistent with a stabilization of ETV5 protein by ALK signaling through the MEK/ERK pathway.
RET expression is modulated by the ETV5 transcription factor
Taking into account that the ETV5 transcription factor acts downstream of the ALK receptor and that its protein level is modified upon ALK modulation in a shorter time frame than the levels of RET mRNA and protein we hypothesized that ETV5 may regulate RET transcription. To test this hypothesis, ETV5 expression was abrogated by siRNA in the SK-N-BE(2)C cell line expressing high levels of both ETV5 and RET. Figures 5a and b show that, 48 h after transfection, ETV5 invalidation resulted in decreased RET expression both at the protein and mRNA levels, respectively. We next sought to explore whether the ETV5 transcription factor could directly modulate the RET promoter. Examination of the sequence spanning the RET transcription start site from −1094 bp up to +368 bp with the FIMO tool [27] using the ETV5 matrix [28] revealed seven ETV5 consensus binding sites with a P-value < 0.001 (Supplementary Fig. 6 ). We therefore amplified and inserted this Regions in blue show peaks overlapping the RET promoter, whereas region in green indicates a strong peak likely acting as an enhancer RET promoter sequence upstream of the Luciferase reporter gene and performed dual luciferase reporter assays to measure the effect of ETV5 on this promoter. HEK293T cells transfected with 200 or 400 ng of a pcDNA3 plasmid encoding the ETV5 protein demonstrated 10 and 20-fold higher normalized luminescence compared to an empty pcDNA3 plasmid, respectively (Fig. 5c ). Next, we performed ChIP-seq analysis for the ETV5 transcription factor in SK-N-BE(2)C cells. De novo identification of motifs using RSAT revealed a motif fully consistent with ETS factors and the published ETV5 matrix, therefore validating the quality of this experiment (Fig. 5d ). This analysis confirmed ETV5 binding on the RET promoter and also revealed a strong binding of ETV5 upstream of the RET promoter ( Fig. 5e ) and likely corresponding to an enhancer. Altogether, these experiments indicate that the ETV5 transcription factor is able to take part in the transcriptional regulation of the RET gene.
Crizotinib and vandetanib synergize to inhibit tumor growth of MYCN/Alk F1178L neuroblastoma
We have previously shown that ALK or RET inhibition with small-molecule inhibitors impaired tumor growth in our mouse models, although not leading to a complete remission [16] . The identification of a signaling pathway from activated ALK to RET prompted us to explore the effect of targeting both ALK and RET kinases as a novel therapeutic strategy. We therefore investigated the effect of the crizotinib/vandetanib combination after allograft of a MYCN/Alk F1178L tumor in nude mice. Mice were treated with vehicle, crizotinib (100 mg/kg/day) or a combination of crizotinib (100 mg/kg/day) and vandetanib (30 mg/kg/ day). We observed a strong reduction in tumor growth in mice treated with the combination compared to the vehicle and also a more potent and significant effect of the combination compared to crizotinib as a single agent (Fig. 6a ). Consistently, a stronger decrease of Erk phosphorylation was observed in the tumors of mice treated with both agents ( Supplementary Fig. 7 ). This resulted in a prolonged survival of mice treated with the combination (Fig. 6b ).
Discussion
We previously explored the impact of Ret on tumor growth in our mouse MYCN/Alk mut models by a pharmacological approach and showed that the RET small-molecule inhibitor The crizotinib/vandetanib combination is more potent than crizotinib alone to impair tumor growth of MYCN/Alk F1178L neuroblastoma. Nude mice were subjected to subcutaneous allografts with a neuroblastoma tumor obtained from a MYCN/Alk F1178L mouse. Mice were treated daily with vehicle (n = 4), crizotinib (n = 4), or a combination of crizotinib and vandetanib (n = 5) when tumor volumes were around 250 mm 3 . Mice were sacrified when tumor volume reached 2000 mm 3 . a Mean tumor volume (±s.d.) is shown until time of sacrifice of the first mouse of each group (day 7 after treatment's start for the control group; day 12 and 17 for the crizotinib and combination, respectively). As variance was not statistically different between groups (F-test), a two-tailed Student's t-test was applied to assay significance between crizotinib alone and the combination. b Kaplan-Meier survival curves for mice of the three groups using tumor size exceeding 2000 mm 3 as an endpoint vandetanib was able to impair tumor growth [16] . To further demonstrate the crucial role of RET in ALK-mutated-driven neuroblastoma oncogenesis we now used a genetic approach and took advantage of a mouse line bearing an activating mutation of the murine Ret gene. Although ganglioneuroma of the adrenal medulla and an enlargement of the associated sympathetic ganglia have been described in this KI Ret M919T mouse line, these animals do not develop neuroblastoma [29] . We demonstrate here that the Ret activating mutation M919T cooperates with MYCN to induce tumors in mice. These tumors present with histological and transcriptomic features similar to the ones that characterize MYCN/Alk mut neuroblastomas. In contrast to MYCN/Alk mut tumors that exhibit an increased Alk expression compared with MYCN tumors due to a positive feedback loop [16, 30] , the Alk expression level in MYCN/ Ret M919T tumors is similar to the one observed in MYCN tumors ( Supplementary Fig. 4 ). The murine Mycn gene is upregulated in MYCN/Ret M919T although in a more modest extend compared to what is observed in MYCN/Alk mut tumors [16, 31] and the Ret transcript is slightly increased in MYCN/Ret M919T compared to MYCN tumors (Supplementary Fig. 4) . Altogether, the closely features of MYCN/ Ret M919T and MYCN/Alk mut tumors clearly document the crucial role of Ret in ALK-mutated and MYCN-driven neuroblastoma oncogenesis. We previously reported an upregulation of RET in primary neuroblastoma tumors with activated ALK [16] on the dataset of Schulte and colleagues [32] . We could confirm this observation on a larger set of primary samples, including 290 and 30 tumors without or with ALK activation, respectively [33] . Indeed, a differential analysis with multiple test correction identified the RET gene as being upregulated in cases with ALK activation. This link between RET and ALK observed in ALKmutated neuroblastoma provides one additional common feature to the involvement of these two RTKs in oncogenesis. Indeed, both receptors have been involved in different types of human malignancies, through fusion proteins or activating mutations [1, 26, 34] . Overexpression of wildtype RET and wild-type ALK have also been reported in several cancers although their pathogenetic role remains to be fully understand in most of these cases. Interestingly, our work shows involvement of both receptors in the same tumor entity.
Our results clearly showed that RET mRNA changes occurred before RET protein levels modification in human neuroblastoma cell lines, pointing at a transcription regulation of the RET gene. Data from our original models revealed Etv5 as a candidate transcription factor that may regulate Ret expression. This observation was indeed consistent with data obtained from different mouse models as Etv5 was also identified in the top 50 upregulated genes in tumors from double transgenic MYCN/ALK F1174L animals compared with MYCN tumors [31] . Interestingly, both RET and ETV5 have been recently identified as members of the 77-gene signature marking ALK activity in neuroblastoma cells [24] . We documented that the Etv5 transcript is expressed at the same level in MYCN/Ret M919T compared to MYCN tumors, and not upregulated as it is the case in MYCN/Alk mut tumors ( Supplementary Fig. 4) , which is consistent with our results showing that ETV5 acts downstream of ALK and upstream of RET. The observation of an increase of ETV5 transcription upon ALK activation in neuroblastoma cells is reminiscent of other studies demonstrating ETV5 transcription induction upon activation of various RTKs: indeed, it has been shown that the Etv5 and Etv4 mRNA are significantly induced by NGF in rat sensory neurons and PC12 cells [18] and a time-and dosedependent increase in Etv5 mRNA expression after FGF2 treatment has been described in mouse Sertoli cells [35] . ETV5 has also been shown to be a downstream target of FGF signaling in the lung [36, 37] .
Our data demonstrate a dual impact of ALK activity on ETV5, both at the protein and transcript levels. Members of the PEA3 subfamily are subjected to multiple posttranslational modifications including phosphorylation, acetylation, ubiquitination, and sumoylation [17] . These modifications are involved in the control of the stability of the PEA3 factors and have a role in the regulation of their target genes [17, 38, 39] . Although no direct link between ETV5 phosphorylation and stability has yet been demonstrated, our data clearly indicate that modulation of the ALK kinase activity affects ETV5 stability through a proteasomedependent mechanism. Furthermore, our results showed that stabilization of ETV5 protein by ALK signaling occurs through the MEK/ERK pathway. Interestingly, in gastrointestinal stromal tumors defined by KIT or PDGFRα mutations, the ETV1 protein has been shown to be stabilized by activated KIT through MEK therefore establishing a KIT-MEK-ETV1 signaling pathway [40] .
We could document that ETV5 inhibition resulted in a reduction of RET protein level in a neuroblastoma context. Interestingly, ETV5 has been described either upstream or downstream of RET in various models. Although Etv4 and Etv5 are required downstream of Ret in kidney-branching morphogenesis [41] , Etv5 knockout mice present with reduced Ret expression in testicular germ cells [42] . We obtained evidence that ETV5 is able to modulate the transcriptional level of the RET gene. Direct interaction of the transcription factor on this promoter was confirmed by ETV5 ChIP-seq analysis. This experiment also revealed a strong binding of ETV5 upstream of the RET promoter, likely corresponding to an enhancer. This potential enhancer (chr10: 43,550,599-43,553,301) located 18 kb upstream of RET overlaps with a described enhancer of RET called 551, 553, 915) , identified as one of the three enhancers affected by variants in Hirschsprung disease [43] .
Targeting several key components of the pathways that are responsible for ALK oncogenic activity could represent an improved strategy for molecular treatment of neuroblastoma. Wood and colleagues recently reported that the combination of Ceritinib, an ALK inhibitor and Ribociclib, a dual inhibitor of CDK4/6, enhanced anti-tumor efficacy and may be of interest to treat neuroblastoma patients with ALK mutations [44] . Our present results show that combining both the ALK inhibitor crizotinib and the RET inhibitor vandetanib is more potent to inhibit tumor growth of a MYCN/Alk F1178L neuroblastoma compared to crizotinib alone (or vandetanib alone, data not shown). Several hypothesis, not exclusive, may explain this synergistic effect: (1) ALK and/or RET inhibition is not fully achieved in vivo with the drugs used as single agents; (2) targeting ALK only does not affect other pathways that may regulate RET; (3) targeting RET only does not disrupt ALKdependent signaling components distinct from the ALK-MEK/ERK-ETV5-RET axis that may contribute to part of ALK oncogenic activity. We cannot exclude that additional pathways may also contribute to the regulation of RET expression upon ALK modulation. Indeed, it has been shown recently that mutant ALK may regulate RET expression through the PI3K/AKT pathway and the FOXO3a transcription factor in SH-SY5Y neuroblastoma cells [24] .
In conclusion, our results provide additional evidence for a critical role of RET in neuroblastoma oncogenesis driven by activated ALK and decipher the mechanism from activated ALK to RET upregulation. Furthermore, they suggest that combined treatment with crizotinib and vandetanib may be a promising approach in clinical practice to treat neuroblastoma patients with tumors exhibiting ALK mutation.
Materials and methods
Mouse lines and genotyping
The TH-MYCN, KI Alk R1279Q and KI Alk F1178L mice used in this study have been previously described [16, 45] . They were backcrossed on a 129S2/SvPasCrl background (Charles River). KI Ret M919T mice on a C57BL/6J background were purchased at the Jackson Laboratory (http://ja xmice.jax.org/strain/016234.html). Genotyping primers for this line are F: TGCTGATGGCGAAGTTTACA and R: TGAGTAGTATAGATGTGATCGAAAAGG. The care and use of animals used in this study was strictly applying European and National Regulation in force for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (Directive 86/609).
Tumor histology
Tissue sections of mice tumors obtained at sacrifice were prepared as previously described [16] and evaluated by a pediatric pathologist (MP).
Transcriptomic profiling of mice tumors
Transcriptomic profiling of tumors was performed as described previously using Affymetrix Mouse Genome 430 2.0 arrays [16] . The GCRMA procedure using Brainarray annotations was used for normalization [46] .
Cell lines, antibodies, and reagents
IMR-32 and SK-N-BE(2)C cell lines were obtained from the American Type Culture Collection (ATCC). CLB cell lines were derived by V. Combaret (Lyon, France). Cell line authentication was performed using SNP array profile or STR profiling for ATCC cell lines. Cells were checked routinely by PCR for the absence of mycoplasma. Cell lines were grown in RPMI 1640 (CLB-GA, CLB-GE, and CLB-MA) or DMEM (IMR-32, SK-N-BE(2)C, and HEK293T) medium supplemented with 10% FBS and antibiotics. ETV5 invalidation was performed with Silencer®Select validated siRNA from Ambion (ThermoFischer Scientific) with the RNAimax transfection reagent (ThermoFischer Scientific). To obtain a total protein lysate, cells were washed in PBS containing 50 µM of sodium orthovanadate and lysed using NP-40 lysis buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% NP-40, 10% glycerol, 20 mM NaF, 1 mM sodium orthovanadate, Complete Protease Inhibitor Cocktail, and PhosSTOP Phosphatase Inhibitor from Roche Diagnostics). Anti-phospho-ALK, anti-ALK, anti-phospho-ERK antibodies were from Cell Signaling Technology (#3341, 3633, and 4370, respectively). Anti-ERK was from Millipore (06-182), anti-ETV5 from Abnova (H00002119-M02), anti-RET from Abcam (ab134100), and anti-actin from Sigma (A-5316). TAE684 and trametinib were purchased from Selleckem. mAb46 is a kind gift from Pr. Marc Vigny.
RT-qPCR
Complementary DNA synthesis was performed on total RNA by use of High-Capacity cDNA Reverse Transcription Kit (ThermoFischer Scientific). RPLP0, RET, and ETV5 cDNA expression were determined using Power SYBR® Green PCR Master Mix and the CFX384 TM machine (Biorad). Relative expression was calculated relative to RPLP0 and untreated cells of the same time point of the same experiment. Primers sequences are: RPLP0_F: GAAACTCTGCATTCTCGCTTC, RPLP0_R:
GGTGTAATCCGTCTCCACAG, RET_F: GCTGATA-GAACCGGAAGAGG, RET_R: AATTTGTA-GACGTATCGCTCTCC, ETV5_F: GGAGAAGGCGAATTTGGAAAAG, and ETV5_R: CAGGACGTTGAACTCTGACAG.
Reporter assay
Primers were designed to clone a 1462-bp genomic region (hg19, chr10:43,571,612-43,573,074) around the transcription start site of the RET gene. This RET promoter was inserted into the 8xGTIIC plasmid (Addgene) between the NheI and NcoI restriction sites (in place of the YAP-TAZ responsive element), upstream of the Luciferase gene. We used a pcDNA3 vector to express the ETV5 protein.
Transfection into HEK293T cells was accomplished using Lipofectamine® LTX with Plus TM Reagent (ThermoFisher Scientific) with three plasmids: (1) pcDNA3-empty or pcDNA3-ETV5 (200 or 400 ng); (2) 8×GTIIC vector containing the RET promoter or without promoter (400 ng); (3) the Renilla expression control vector (pRL-CMV, Promega, E2261) at a 1:400 dilution with respect to the luciferase vector. Luciferase assays were carried out 48 h after transfection using Dual-Luciferase® Reporter Assay System (Promega, E1910) with read-outs performed on a FLUOstar OPTIMA Microplate Reader Detection System (BMG LABTECH). Luciferase expression was normalized to Renilla expression. Results were averaged from five independent experiments and normalized to empty pcDNA3.
ChIP-Seq
ETV5 Chromatin ImmunoPrecipitation (ChIP) was performed using the iDeal ChIP-seq kit for Transcription Factors (Diagenode) and the anti-ETV5 rabbit polyclonal antibody ab102010 from Abcam, using the same procedure as previously described [47] . The TruSeq ChIP library preparation kit was used to prepare Illumina sequencing libraries from the ChIP and input DNAs, as described [47] .
ChIP-Seq analysis
ChIP-seq reads were mapped to the human reference genome hg19/GRCh37 using Bowtie2 [48] . Low mapping quality reads (Q < 20) and duplicate reads were discarded. Enriched regions (peaks) were called using HMCan v1.19 [49] as previously described [47] . Motif discovery in ChIPseq peaks was performed using the Position Analysis tool of the RSAT package [50] on the 2500 highest peaks detected by HMcan.
Allografts in nude mice and in vivo treatment
An abdominal neuroblastoma tumor was dissected from a TH-MYCN/Alk F1178L mouse and mashed providing a mixture of a total volume of 1.4 ml. Overall, 100 μl of this mixture was subcutaneously injected into 6-week-old female Swiss Nude mice. When tumor volume reached around 250 mm 3 , mice were randomly assigned to one of the 3 groups (vehicle, crizotinib or crizotinib, and vandetanib) and treated daily with vehicle, crizotinib (100 mg/kg) or crizotinib (100 mg/kg) and vandetanib (30 mg/kg) in combination by oral gavage. No blinding was done. Crizotinib and vandetanib were purchased from Medchem express. Approval for this study was received from Ministère de l'Education Nationale, de l'Enseignement Supérieur et de la Recherche (authorization number 5524-20 160531 1607151 v5).
Statistical analysis
For the RT-qPCR and the luciferase activity experiments, as each value has been normalized to an internal control, a one-sample t-test was used to evaluate the probability that the mean is different from 1. For the analysis of tumor volumes in Fig. 6a , a two-tailed Student's t-test was used between the crizotinib treated and the crizotinib and vandetanib treated tumors. Asterisk indicates statistically significant difference (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Statistical analyses were conducted using R (http://www.Rproject.org). department of Institut Curie for Affymetrix profiling experiments. We are grateful to the animal facilities team of the Institut Curie and especially to I Grandjean and C Jouhanneau. We thank the Experimental Pathology Department of Institut Curie for their valuable help and the SIRIC-Curie for help in image analyses. We acknowledge our colleagues F Tirode and W Richer for assistance in the analysis of Affymetrix data.
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